Recently we reported the discovery of a region of the Myxococcus xanthus chromosome containing a contiguous set of three genes involved in social gliding motility and pilus biogenesis (30) . These genes, pilS, pilR, and pilA, are all homologous to their namesakes in Pseudomonas aeruginosa. pilA encodes pilin, the structural subunit of pili; pilS and pilR encode a putative two-component sensor-regulator system (homologous to NtrB and NtrC of enteric bacteria, respectively) which may regulate pilin expression.
To reveal the particular functions of each of these genes in motility and pilus formation, it is necessary to create null mutations, starting with in vitro deletion constructions. One commonly used strategy for replacing the wild-type allele with a constructed deletion involves two steps (27) . In the first step, integration, an altered locus cloned on a suicide plasmid vector is introduced into recipient bacteria with selection for drug resistance encoded on the plasmid; the plasmid integrates by single homologous recombination into the bacterial chromosome, forming a partial diploid strain with two copies of the locus in tandem and plasmid DNA interposed between the copies. In the second step, excision, these bacteria are cultured in the absence of drug selection; as the unstable tandem duplication resolves to haploidy by homologous recombination (which excises the plasmid), segregants survive which retain either the original wild-type locus or the altered one, depending on where the recombination occurs. The number of colonies that must be screened to isolate newly resolved haploids depends on the frequency of excision per generation and the number of generations for which the bacteria are cultured. In practice, thousands of bacterial clones are screened for loss of drug resistance to isolate a handful of these segregants (e.g., see reference 20), only some of which retain the desired mutated allele.
Segregation of the desired gene-replaced strain can be facilitated by insertion of a drug resistance marker into the target gene. This permits rapid transfer of the disrupted locus into other M. xanthus strains by myxophage transduction (e.g., see reference 12). However, this strategy limits the number of different mutations that can be introduced into a single strain, because there are relatively few usable drug resistance markers available in M. xanthus. Such insertion-deletion constructs may also interfere with expression of co-cistronic genes downstream from the disruption because of polar effects. Markerless, in-frame deletion mutations would therefore be preferable for analysis of multiple gene operons, such as may exist in the M. xanthus pil gene region (30) .
In other gram-negative bacteria, the efficiency of the plasmid excision step has been enhanced by using the Bacillus subtilis sacB (levansucrase) gene for counterselection (22) . Expression of levansucrase in these bacteria is lethal in the presence of 5% sucrose. By including the sacB gene in the suicide plasmid, it is possible to select for growth of bacteria which have resolved the tandem duplication by excising the integrated plasmid. sacB counterselection has been successfully employed in several gram-negative bacteria (2, 3, 5-7, 16, 21, 25, 26) ; recently it has also been used in some gram-positive bacteria (14, 24) . We therefore set out to test this method for allelic replacement of the M. xanthus pil genes. Because a null mutation in one of the genes (pilR) had already been obtained by transposon mutagenesis, we directed our efforts towards constructing clean, in-frame deletions in the pilA and pilS genes.
Construction of markerless in-frame deletions of pilA and pilS. In-frame deletions of pilA and pilS were constructed in Escherichia coli DH10B (10), as shown in Fig. 1 . To construct the ⌬pilA deletion (spanning 187 amino acids out of 219), pSWU300 (30) was digested with SacI and Acc 65I, treated with T4 polymerase in the presence of deoxynucleoside triphosphates to produce blunt DNA ends, and religated with T4 ligase. The mutated DNA was then recloned as an XbaIEcoRI fragment into pBGS19 (28) to create plasmid pSWU362. To construct the ⌬pilS deletion (spanning 165 amino acids out of 525, from the C-terminal, hydrophilic domain), a subclone of pSWU116 (30) was first constructed by digestion with EcoRI and BglII, treatment with S1 nuclease to produce blunt ends, and religation. This plasmid (pSWU137) was then digested with SalI and BamHI, treated with singlestrand-specific mung bean nuclease to produce blunt ends, and religated to generate pSWU167. The fragment removed by ⌬pilS represents approximately three-fifths of the region of PilS homologous to the NtrB, including almost all homology with the N-terminal half of NtrB, and a conserved histidine which has been shown to be the site of autophosphorylation and activation of NtrB (19) . The DNA sequences of the ⌬pilA and ⌬pilS mutations across the deletions were confirmed by dideoxy sequencing (23) to ensure that no frameshift mutations had been introduced.
Expression of sucrose sensitivity from the sacB-nptI cassette depends on its orientation. A sacB-nptI cassette (19) (nptI is a neomycin phosphotransferase gene conveying kanamycin resistance; cassette generously provided on pUM24 by Alan Collmer) was then incorporated into the plasmids containing the altered genes, pSWU362 (⌬pilA) and pSWU167 (⌬pilS). Since the ends of the cassette DNA were blunted before being cloned into the plasmids, the cassette was incorporated in two different orientations, generating plasmids containing the sacB gene in the same direction as the M. xanthus gene (parallel) or in the opposite direction (anti-parallel) ( Fig. 2A) .
Parallel and anti-parallel plasmids containing the nptI-sacB cassette with either the mutant pilA allele (pSWU363 and pSWU364) or the mutant pilS allele (pSWU213 and pSWU214) were then electroporated (18) into M. xanthus DK1219 (cglC1), a strain of M. xanthus which has a wild-type pil region (13) . Because the ColE1 replication origin (found in all of the plasmids used in this work) does not function in M. xanthus, selection of electroporants for kanamycin resistance yielded bacterial colonies in which the plasmid had integrated into the chromosome by a single homologous recombination event (29) . Km r electroporants were then toothpicked to CTT-1.5% agar (12) containing 10% sucrose to determine if they were also sensitive to sucrose (Suc s ), indicating lethal expression of sacB. Of the Km r electroporants of pSWU363 that were tested in this way, 100% (20 of 20) were sensitive to sucrose; similarly, 100% (20 of 20) of the Km r electroporants of pSWU213 were sensitive to sucrose. In contrast, none of the Km r electroporants of pSWU364 (0 of 14) or pSWU214 (0 of 37) were sensitive to sucrose. The only construction difference between pSWU363 and pSWU364, or between pSWU213 and pSWU214, was the orientation of the sacB-nptI cassette ( Fig.  2A) .
Construction of an nptII-sacB cassette. One possible explanation for the failure of the anti-parallel constructions to confer sucrose sensitivity was that the sacB promoter (from B. subtilis) does not function in M. xanthus. In the parallel constructions pSWU363 and pSWU213, the sacB gene is positioned immediately downstream from the M. xanthus genes, which may drive its expression by read-through transcription ( Fig. 2A) . To investigate this possibility, an alternative sacB cassette was constructed, as shown in Fig. 3 . This new cassette contains the sacB gene downstream of the nptII gene; no transcriptional terminators are present between the two genes, since no terminators exist between the nptII stop codon and the BstB1 site (19 bp downstream) used to extract the nptII gene (1). This arrangement should therefore allow for expression of the sacB gene from the nptII promoter, which itself is known to be expressed in a wide variety of M. xanthus strains and conditions (9) . The new cassette was cloned into the pilA and pilS deletion plasmids to yield new parallel and anti-parallel plasmids: pSWU365 and pSWU366 for ⌬pilA and pSWU216 and pSWU217 for ⌬pilS (Fig. 2B) . Note that in the parallel plasmids, all three genes (the gene with the deletion, nptII, and sacB) are in the same orientation.
These plasmids were then introduced into M. xanthus, and electroporants were examined for sucrose sensitivity. One hundred percent of M. xanthus cells carrying pSWU365 (18 of 18) or pSWU216 (37 of 37) and none of the cells carrying pSWU366 (0 of 37) or pSWU217 (0 of 37) were sensitive to sucrose. As before, only the parallel constructions, in which the sacB gene was positioned downstream and in the same orientation as the M. xanthus pil genes, were able to confer sucrose sensitivity on M. xanthus. Similar results were obtained when these plasmids were electroporated into the wild-type M. xanthus strain, DK1622 (15; data not shown). Thus, even when sacB was expressed from a promoter known to function in M. xanthus, its expression was inadequate in the anti-parallel constructs to generate sucrose sensitivity.
Plasmid excision and resolution of the tandem duplication. All four sucrose-sensitive Km r strains obtained (DK1219 carrying integrated pSWU363, pSWU365, pSWU213, or pSWU216 plasmids) were cultured in CTT liquid medium (12) in the absence of kanamycin for roughly 15 generations. Cultures were maintained in exponential growth by successive dilution with fresh medium. The bacteria were then plated in 2 ml soft agar (CTT-0.7% agar, no sucrose) on 30-ml CTT-agar plates containing 3, 5, or 7% sucrose at concentrations of 2.5 ϫ 10 6 , 2.5 ϫ 10 7 , and 2.5 ϫ 10 8 cells per plate. Sucrose-resistant colonies were observed on all plates, with confluent or nearconfluent growth observed on many plates. Fortunately, discrete colony growth (less than 1,000 colonies per plate) was obtained on all of the 5 and 7% sucrose agar plates plated with 2.5 ϫ 10 6 or 2.5 ϫ 10 7 cells. Several discrete colonies from each of these experiments were toothpicked to CTT-agar plates containing 40 g of kanamycin per ml to check for kanamycin resistance. Theoretically, sucrose resistance results from loss of the sacB gene when the tandem duplication resolves by excision; concurrent loss of the nptI or nptII gene is expected, resulting in sensitivity to kanamycin. During counterselection with each of the four plasmid-bearing strains, various portions (3% [6 of 172] with the strain containing pSWU363, 46% [54 of 118] with that containing pSWU365, 11% [21 of 191] with that containing pSWU213, and 94% [34 of 36] with that containing pSWU216) of the sucrose-resistant colonies retained their resistance to kanamycin. In these colonies, the tandem duplication apparently had not resolved, but the sacB gene had lost its activity, a phenomenon called "spontaneous sucrose resistance" frequently seen in other gram-negative bacteria (7, 16, 17, 21, 22, 24) .
Despite the appearance of Km r Suc r colonies, the technique was a marked improvement over plasmid excision without counterselection for the purposes of gene replacement, since screening of less than 200 colonies was sufficient to identify several Km s Suc r colonies for each of the four starting strains. In addition, the newly constructed cassette containing nptII and sacB in tandem was roughly an order of magnitude (15-fold for pilA, comparing pSWU365 and pSWU363, and 8-fold for pilS, comparing pSWU216 and pSWU213) more effective in generating plasmid excision events.
The Km s Suc r colonies isolated after plasmid excision retained either an altered locus with the desired deletion of pilA or pilS or the original wild-type locus. To differentiate between the two possibilities, Southern blots were made with chromosomal DNA prepared from clonal isolates of several of the colonies obtained from counterselection of the strains bearing pSWU365 and pSWU216. Ten of 25 of the isolates derived from the former and 5 of 16 of the isolates derived from the latter contained the desired deletion. These new strains were designated 1219⌬A and 1219⌬S, respectively. Characterization of deletion mutants. Previously identified mutants carrying point mutations in pilA were deficient in both pilus production and social motility (30) . As expected, the in-frame deletion of pilA also produced M. xanthus strains which were deficient in pilus production (as assayed by electron microscopy) (30) and social motility (observed on CTT-1.5% agar). Since an in-frame deletion of pilS severely reduced pilA expression and sensitivity to pilus-specific phage in P. aeruginosa (4) , and since we had previously found that M. xanthus pilR was required for pilus formation (30) , it was expected that M. xanthus pilS should be required for normal pilus formation as well. In the strain carrying ⌬pilS, however, no significant effect on piliation level (47% Ϯ 2% of cell ends had
FIG. 2. Construction of sacB-carrying plasmids. (A)
A DNA fragment containing the sacB-nptI cassette with blunted ends was incorporated into plasmids pSWU362 (digested with MluI and EcoRI) and pSWU167 (digested with MluI and HpaI). Two different products were obtained for each of the two ligation reactions, representing the two possible orientations for the sacB-nptI cassette. If the sacB gene lay in the same orientation as the pil gene deletion construct, the plasmid was called parallel (pSWU363 and pSWU213); if it lay in the opposite orientation, the plasmid was called anti-parallel (pSWU364 and pSWU214). (B) A DNA fragment containing the novel nptII-sacB cassette (Fig. 3) with blunted ends was incorporated into plasmids pSWU362 and pSWU167 in reactions similar to those in panel A. Again, parallel plasmids (pSWU365 and pSWU216) and anti-parallel plasmids (pSWU366 and pSWU217) were obtained. ori, origin of replication; C, ClaI; X, XbaI; (EB), EcoRI-BglII junction.
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on March 1, 2013 by PENN STATE UNIV http://jb.asm.org/ Downloaded from pili versus 43% Ϯ 5% for DK1219 [ 2 ϭ 0.31, P ϭ 0.58]) or social motility was observed. Although the ⌬pilS mutation deleted significant features of the gene (as described above), it was possible that what remained of the protein was sufficient to function in a two-component PilS-PilR system activating pilA expression. Alternatively, PilS may be a negative regulator (rather than a positive regulator) of pilin expression, or it may be a vestigial gene that no longer affects pilus biosynthesis.
To ensure that the deletion introduced into pilA was truly in frame and did not interfere with expression of any cocistronic downstream genes, an ectopic genetic complementation test (30) was performed. The vector pSWU19 contains an Mx8 attP locus, allowing it to integrate at the chromosomal Mx8 attB locus (roughly half a genome away from the pil region). pSWU359 was constructed by insertion of an 872-bp SmaIBsmI fragment from pSWU300 into pSWU19 at its SmaI site; the plasmid contains only 4 bp of downstream DNA beyond the termination codon of pilA. pSWU359 was electroporated into 1219⌬A, and its ectopic integration into the chromosome (away from the pilA region) was confirmed by Southern blot analysis (data not shown). The integrated plasmid successfully complemented both pilus formation and social motility, indicating that the mutant phenotypes in 1219⌬A were attributable to the null mutation in pilA and not to altered expression of any downstream genes.
Summary. We report here the successful use of sacB for counterselection in M. xanthus to facilitate resolution of tandem duplications in the generation of gene replacements of pilA and pilS. In constructing a null mutation in pilS, the possibility of a polar effect on pilR, which lies only 23 bp downstream, was of particular concern; such an effect had already been observed in the similarly arranged pilS and pilR genes of P. aeruginosa (4, 11) . In-frame deletions were constructed in order to characterize pilS and pilA independently from potentially cocistronic downstream genes. While the pilA deletion disrupted both pilus formation and social motility, the pilS deletion did not affect either phenotype.
In using sacB for the first time in M. xanthus, we discovered that gene orientation affected the efficacy with which sacB conferred sucrose sensitivity to the M. xanthus host, a phenomenon not previously reported in other bacteria. This phenomenon was observed at two points in the gene replacement strategy. First, in the tandem duplication (partial diploid) phase after plasmid integration, a parallel orientation of the sacB gene relative to the cloned Myxococcus gene was required for the sacB gene to confer sensitivity to sucrose. Bacteria carrying anti-parallel constructs were able to thrive on 10% sucrose agar. An anti-parallel arrangement may limit levansucrase expression by antisense mRNA production or by direct interference with sacB transcription. Further studies will be required to sift through the various possibilities.
The significance of gene orientation was observed again when the parallel tandem duplication strains were plated on sucrose agar to facilitate plasmid excision. Sucrose resistance without plasmid excision (so-called spontaneous resistance) was observed in 3 to 94% of the colonies. Constructions containing the sacB-nptI cassette generated an order of magnitude more spontaneous sucrose-resistant colonies than constructions containing the nptII-sacB cassette. The arrangement of nptI anti-parallel to sacB within the nptI-sacB cassette may be interfering with sacB expression (e.g., via antisense mRNA or direct effects, as mentioned above). Alternatively, sacB may be expressed more strongly in M. xanthus from the nptII promoter (as in the nptII-sacB cassette) than from its native B. subtilis promoter (as in the sacB-nptI cassette). Whatever the case, we have found that arranging the pil gene, the drug resistance gene, and sacB in parallel reduced the frequency of spontaneous sucrose resistance.
Spontaneous sucrose resistance has been observed at frequencies of 2 to 50% in other bacteria (7, 16, 21, 22, 24) . It has usually been attributed to mutations in the sacB gene, although mutations that decrease sucrose uptake would have similar effects. In E. coli carrying sacB, Blomfield et al. found that the presence of sodium chloride and use of incubation temperatures above 30ЊC can also increase spontaneous sucrose resistance (3). They suggested that both of these environmental factors may alter sacB expression by influencing DNA supercoiling. The results of the current study indicate that gene orientation can be another factor influencing sacB expression.
The effects of gene orientation have proven important to the successful construction of in-frame deletion mutants of pilA and pilS. It is possible that gene orientation may not affect expression of sacB at other sites in the M. xanthus chromosome, particularly when read-through transcription is weak or nonexistent. Nevertheless, an orientation effect should be considered wherever poor sacB expression is limiting the efficiency of sucrose selection, both in M. xanthus and in other bacteria.
